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ABSTRACT The structural ﬂexibilities of two molecular machines, myosin and Ca21-ATPase, have been analyzed with normal
mode analysis and discussed in the context of their energy conversion functions. The normal mode analysis with physical
intermolecular interactions was made possible by an improved implementation of the block normal mode (BNM) approach. The
BNM results clearly illustrated that the large-scale conformational transitions implicated in the functional cycles of the two motor
systems can be largely captured with a small number of low-frequency normal modes. Therefore, the results support the idea that
structural ﬂexibility is an essential part of the construction principle of molecular motors through evolution. Such a feature is
expected to bemore prevalent in motor proteins than in simpler systems (e.g., signal transduction proteins) because in the former,
large-scale conformational transitions often have to occur before the chemical events (e.g., ATP hydrolysis in myosin and ATP
binding/phosphorylation in Ca21-ATPase). This highlights the importance of Brownian motions associated with the protein
domains that are involved in the functional transitions; in this sense, Brownianmolecular machines is an appropriate description of
molecular motors, although the normal mode results do not address the origin of the ratchet effect. The results also suggest that it
might bemore appropriate to describe functional transitions in somemolecular motors as intrinsic elastic motionsmodulating local
structural changes in the active site, which in turn gets stabilized by the subsequent chemical events, in contrast with the
conventional idea of local changes somehow getting ampliﬁed into larger-scale motions. In the case of myosin, for example, we
favor the idea that Brownian motions associated with the ﬂexible converter propagates to the Switch I/II region, where the salt-
bridge formation gets stabilized by ATP hydrolysis, in contrast with the textbook notion that ATP hydrolysis drives the converter
motion. Another useful aspect of the BNM results is that selected low-frequency normalmodes have been identiﬁed to form a set of
collective coordinates that can be used to characterize the progress of a signiﬁcant fraction of large-scale conformational
transitions. Therefore, the present normal mode analysis has provided a stepping-stone toward more elaborate microscopic
simulations for addressing critical issues in free energy conversions in molecular machines, such as the coupling and the causal
relationship between collective motions and essential local changes at the catalytic active site where ATP hydrolysis occurs.
INTRODUCTION
Motions are essential to the function of macromolecules
(Brooks III et al., 1988; Gerstein and Krebs, 1998;
McCammon and Harvey, 1987). Large-scale motions are
commonly found in many biological molecules such as
multidomain enzymes (Bahar et al., 1999; Thomas et al.,
1999), signal transduction proteins (Ma and Karplus, 1997),
and the ribosome (Frank, 2003). The large structural
rearrangements are essential for the functions of these
systems: e.g., binding and dissociation of substrates (Joseph
et al., 1990); allosteric responses to signaling events; and
release of synthesized proteins (peptides). The most dramatic
class of systems where large-scale motions are crucial,
however, has to include molecular machines (Banting and
Higgins, 2000; Blumenfeld and Tikhonov, 1994; Hill, 1977;
Schliwa, 2003) that convert free energies among various
forms (see below). Although the mechanism of energy
conversion has been a topic of great interest some 20 years
ago (Hill, 1977; Hill and Eisenberg, 1981; Jencks, 1980;
Simmons and Hill, 1976), the subject has been revived
recently (Blumenfeld and Tikhonov, 1994). The free energy
transduction processes can now be discussed in more
structural and kinetic detail (Bustamante et al., 2001; Rees
and Howard, 1999; Vale and Milligan, 2000), due in part to
the observation of motor functions at unprecedented reso-
lution offered by rapidly developing single molecule tech-
niques (Ishii et al., 2003; Jung et al., 2002; Xie, 2002).
Nevertheless, due to the challenges in making concurrent
measurements at both high spatial and temporal resolutions,
there remain many open questions concerning the detailed
mechanisms of molecular motors.
The textbook description (Alberts et al., 1994) ofmolecular
motors is that they harness the free energy of adenosine
triphosphate (ATP) hydrolysis or phosphate transfer (i.e.,
phosphorylation) to perform net work. For example, kinesin
motors can drag vesicle cargoes along microtubules in an
unidirectional manner with ATP binding and/or hydrolysis
(Hirokawa and Takemura, 2003). In each functional cycle,
typically one ATP molecule in solution binds to the motor
protein and is hydrolyzed (or phosphate-transferred), fol-
lowed by the release of products back into solution; the net
free energy change associated with the entire functional cycle
is equivalent to the free energy of ATP hydrolysis in solution.
Submitted June 8, 2003, and accepted for publication October 13, 2003.
Address reprint requests to Qiang Cui, Dept. of Chemistry, University of
Wisconsin at Madison, 1101 University Ave., Madison, WI 53706. Tel.:
608-262-9801; E-mail: cui@chem.wisc.edu.
 2004 by the Biophysical Society
0006-3495/04/02/743/21 $2.00
Biophysical Journal Volume 86 February 2004 743–763 743
This is the free energy that the molecular motor can, from the
thermodynamics point of view, harness to generate useful
work, although the actual hydrolysis obviously occurs in the
protein rather than in solution (Hill, 1977). The precise
molecular mechanisms for such free energy harness or
conversion process have not been fully clariﬁed. It is clear
that it is not the free energies of the chemical reactions that are
directly utilized because the exothermicity of these reactions
in the protein, even if signiﬁcant, will most likely dissipate to
the rest of themolecule in pico-/nanosecondswithout strongly
preferred directions (Sagnella and Straub, 2001; Wang et al.,
1998), which is too short compared to the timescale of motor
functions (ms-ms) to have any functional signiﬁcance.
Moreover, the hydrolysis reaction in the hydrolyzing state
of the ATPases often has an equilibrium constant close to 1
(Boyer, 1993; Holmes and Geeves, 1999). The key to the free
energy conversion, therefore, has to do with the coupling of
the protein structure and the ATP molecule in its various
chemical states (Yang et al., 2003); for motors with tracks,
such as myosin, the protein/track interaction is also an
important element. Different protein or protein-track con-
formations could be preferred with different ATP states
(solvated ATP, bound ATP, hydrolysis transition state, and
ADP1Pi), and free energy is transferred between ATP and
protein/track through well-coordinated conformational
changes of the protein and binding/chemical modiﬁcation of
ATP.
It is our long-term goal to employ various types of
simulations to provide the missing link between static high-
resolution crystal structures and other lower-resolution
studies such as single molecule investigations and phenom-
enological models for molecular motors. This, in light of the
above discussion, necessarily involves understanding the
coupling between the conformational properties of molecular
motors and the chemical events; e.g., what are the structural
ﬂexibilities of various conformational states, what are the
conformational transition pathways among these states, how
does ATP affect these conformational properties and, in turn,
how do different conformations determine the chemical fate
of ATP? In the current work, we take the initial step to discuss
the structural ﬂexibilities in two distinct types of molecular
machines: myosin-II and Ca21-ATPase. The former is
a prototypical molecular motor that utilizes the free energy
of ATP binding and/or hydrolysis to perform mechanical
work (Bagshaw, 2000; Keike and Titus, 2003), and the latter
is the ﬁrst P-type ion pump that has been characterized at
atomic resolution (Lee, 2002; Toyoshima et al., 2000;
Toyoshima and Nomura, 2002); Ca21-ATPase transports
calcium ions across the cell membrane against a concentration
gradient with the help of ATP. Both undergo substantial
conformational transitions during their functional cycles (see
below).We set out to explore the structural ﬂexibility inherent
in these two systems and the corresponding functional
signiﬁcance; i.e., we inquire whether the requirement of
making speciﬁc conformational transitions poses any con-
straints on the construct of those systems. Another important
motivation is to explore useful schemes to characterize the
functional transitions in conformations and identify the key
degrees of freedom (Bustamante et al., 2001) such that,
ultimately, the corresponding energetics and kinetics can be
probed. The particular methodology we employed is an
approximate normal mode analysis approach, the block
normal mode (BNM) method (Li and Cui, 2002), which is
based on the rotational-translational block (RTB) method of
Tama and co-workers (Durand et al., 1994; Tama et al., 2000).
As discussed below, although these normal mode results are
highly approximate, they provided useful insights into the
intrinsic structural features of myosin and Ca21-ATPase; the
results also revealed a set of collective coordinates that can be
used in more elaborate microscopic simulations that can
potentially offer more complete descriptions of the confor-
mational transitions that occur in the functional cycle of
molecular motors. In a recent article (Li and Cui, 2002), the
low-frequency modes of Ca21-ATPase in the calcium-loaded
state (Toyoshima et al., 2000) have been discussed with the
BNMmethod; here we focus on the correlation between low-
frequency modes and the conformational transitions in-
volving both the calcium-loaded and empty states, which
was made possible by the recently solved x-ray structure for
Ca21-ATPase in the empty state (Toyoshima and Nomura,
2002).
The article is organized as follows. We ﬁrst brieﬂy
reiterate the general value and limitation of normal mode
analysis in studying large-scale conformational transition
problems in biomolecules. We will then concisely review the
approximate normal mode approach used in the calculations.
Next, we present the normal mode results of myosin-II and
Ca21-ATPase, and discuss the relation between low-fre-
quency modes of these proteins and their functions. Finally,
we conclude with a number of summarizing statements.
COMPUTATIONAL METHODS
Normal mode analysis of large-scale
conformational transitions: values and limitations
Although normal mode analysis has been applied to a large
number of macromolecules (Bahar et al., 1997a; Case, 1994;
Kitao and Go, 1999; Ma and Karplus, 1998; Marques and
Sanejouand, 1995), it is useful to reiterate the value and
limitation of this simple approach for analyzing conforma-
tional transitions in biological systems. The major challenge
that hampers us from directly simulating large-scale con-
formational transitions in macromolecules is that these
processes are diffusive and occur at a timescale (micro-
seconds to milliseconds) much longer than what can be
achieved using regular atom-based molecular dynamics with
standard computational facilities (Elcock, 2002; Karplus and
McCammon, 2002). One solution is to employ equilibrium
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simulations to explore thermodynamical quantities such as
potential of mean force, in which time is not explicitly
involved and kinetic properties can be estimated based on
various rate theories (Hanggi et al., 1990); such types of
calculations proved to be valuable for exploring the folding
mechanism of small peptides and proteins (Shea and Brooks
III, 2001). Another possibility is to use nonequilibrium
simulations in which the biomolecule is biased along certain
degrees of freedom, such as the root-mean square (RMS)
difference from a given conformation (Schlitter et al., 1993);
this type of calculation has been used to explore qualitative
features associated with conformational transitions in
molecular motors (Bockmann and Grubmuller, 2002; Ma
et al., 2002) or ligand dissociations/translocations (Grub-
muller et al., 1996; Isralewitz et al., 2001). In both schemes,
the key is to identify appropriate reaction coordinate or
order-parameters that concisely characterize the slow pro-
cess. A fundamental assumption in those simulations is that
all orthogonal degrees of freedom are in equilibrium during
the simulation, which is usually difﬁcult to justify for
macromolecules but has to be made for practical purposes.
Compared to molecular dynamics-based methods such as
principal component analysis (Amadei et al., 1993; Hayward
et al., 1993; Kitao et al., 1991), normal mode analysis (NMA)
is a simple but powerful approach for exploring the intrinsic
structural ﬂexibility (motion) of macromolecules (Brooks
et al., 1995; Case, 1994; Go et al., 1983). The most signiﬁcant
advantage of NMA is that it is not limited by the timescale of
the process under study, which makes it a unique tool for
analyzing large-scale conformational transitions (Gerstein
and Krebs, 1998). For example, several previous studies (Ma
and Karplus, 1998; Tama and Sanejouand, 2001; Thomas
et al., 1996, 1999) have illustrated that large-scale conforma-
tional changes can often be represented concisely by a very
small number of low-frequency normal modes, which makes
NMA an efﬁcient approach for deﬁning collective coordi-
nates (Basu et al., 1995; Hayward and Go, 1995; Kitao and
Go, 1999) that can be used in either equilibrium or non-
equilibrium MD simulations; this is one of the important
motivations for us to carry out NMA for the molecular motors
of interest before more elaborate MD studies.
The most serious limitation of NMA is the harmonic
approximation around a single conformational minima
(Brooks et al., 1995), which seems to be a tremendously
oversimpliﬁed model for macromolecules considering the
rugged energy landscape associated with the high-dimen-
sionality of these systems (Frauenfelder et al., 1991); another
practical constraint is that NMA is usually carried out
without the explicit representation of solvent molecules,
which are well known to play important roles in determining
the equilibrium and dynamical properties of macromole-
cules. Application of normal mode analysis to a large
number of medium-size proteins, however, have shown that
the characters of collective motions that correspond to the
very low-frequency modes (Kitao and Go, 1999) are rather
robust and NMA often gives similar results compared to
molecular dynamics simulations (e.g., quasiharmonic anal-
ysis, Doruker et al., 2000; or singular value decomposition,
Kundu et al., 2002). Physically, these results indicate that
the motions associated with the low-frequency modes of
macromolecules are most sensitive to the packing density of
atoms; indeed, it has been shown that fairly robust results can
be obtained for the low-frequency modes and patterns in the
thermal atomic ﬂuctuations by considering simpliﬁed
models that contain only the packing distributions of atoms
(Atilgan et al., 2002; Bahar et al., 1997b; Halle, 2002; Tirion,
1996). We emphasize that what is conserved in NMA is the
direction of the collective motions, but not their actual
timescales or thermal amplitudes; after all, these motions
were found to be typically overdamped by the solvent
molecules, which are usually neglected in NMA calcula-
tions. Moreover, for an analysis of conformational tran-
sitions, the directions of low-frequency modes are more
relevant than their thermal amplitude (see below). Another
important effect of the solvent molecules is that their
presence increases the number of local minima on the
potential energy surface, thus there are frequent transitions
among various minima in solution. However, at least for
small systems such as melittin, calculations indicated that the
envelope of the potential energy surface in solution can be
predicted correctly by normal mode analysis in vacuum
(Kitao et al., 1991). In other words, although there may not
be 1:1 correspondence between normal modes and the more
realistic principal components that include anharmonic
motions of the system, the subspace that dominates the
atomic ﬂuctuations can be captured by a linear combination
of the low-frequency, collective normal modes (Kitao and
Go, 1999; Kitao et al., 1998).
Approximate normal mode analysis: the block
normal mode (BNM) approach
Despite the observed success of simpliﬁed elastic models in
describing low-frequency modes of macromolecules (Dor-
uker et al., 2000; Kundu et al., 2002; Tama and Brooks III,
2002), it is still desirable to be able to explore these motions
with atomic level details and a physical representation of
intermolecular interactions to ensure robustness of the
calculations. This is especially true when the molecular
system involves heterogeneous distributions of different
chemical groups, such as in ribosome and RNA polymerase,
which involves both protein and nucleic acids. To make
connections between the normal modes of biomolecules and
their mechanical properties (e.g., elastic modulus), a model
with physical interactions is also more useful.
The computational expense associated with normal mode
analysis in an all-atom representation, unfortunately, scales
rather steeply with the size of the system (N atom);
nominally, the Hessian matrix scales as N2, and the diag-
onalization of this Hessian scales as N3 with the most stan-
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dard diagonalization procedures. To reduce the computational
cost, we have recently made an efﬁcient implementation of
the BNM approach (Li and Cui, 2002), which was based
on the RTB method originally proposed by Tama and co-
workers (Durand et al., 1994; Tama et al., 2000). In RTB,
the macromolecule is ﬁrst partitioned into blocks, where
each block may range from a single residue to a secondary
structure element depending on the problem in hand. The
full atomic Hessian matrix is then projected onto a sub-
space spanned by the translation and rotation vectors
associated with these blocks, which results in a much
smaller matrix to be diagonalized. BNM is more general
than RTB in that other eigenvectors of the blocks can also
be included, which is appropriate when blocks are large in
size. The merit of the RTB/BNM approach is that the cost
of calculation is dramatically reduced with the full account
of intermolecular interactions; the coarse-graining procedure
does not compromise the accuracy of results when only the
low-frequency, collective modes of the macromolecule are of
interest (Li and Cui, 2002; Tama et al., 2000). Test
calculations using small protein systems (\200 residues)
and one residue per block indicated that a very good
correlation (R2 ; 0.997) between the BNM frequencies and
standard NMA frequencies was observed up to at least 40
cm1; although the overlap between the BNM eigenvectors
and standard NMA eigenvectors become \0.5 after the
frequency reaches 10 cm1, the subspace spanned by the
NMA eigenvectors can be represented[90% by the BNM
eigenvectors for frequencies up to 25 cm1.
Compared to the original work of Tama and co-workers
(Durand et al., 1994; Tama et al., 2000), our BNM
implementation has the essential advantage that the projected
Hessian matrix is constructed in a direct fashion (i.e., without
the construction of the entire atomic Hessian), which makes
the application to fairly large systems (N\ 1000 residues)
very straightforward. Recently, we have substantially in-
creased the applicability of BNM by taking advantage of
a sparse matrix diagonalization procedure (Cullum and
Willoughby, 1985; Lanczos, 1950) implemented in the
PARPACK package (Maschhoff and Sorensen, 1996) and
parallel computations. These reﬁnements made it possible to
analyze collective motions of supermolecular assemblies
such as the ribosome at atomic resolution with modest
computational cost; BNM calculations for a 50S ribosome
(;128,000 atoms with a polar hydrogen set of force ﬁeld,
Brooks et al., 1983) with one residue per block took\17 h
on a single node of a 2.0-GHz Athlon. The details of the new
implementation and application to large molecular assem-
blies will be given separately.
Computational models and protocols
The newly implemented BNM method in CHARMM
(Brooks et al., 1983) was used to analyze the structural
ﬂexibilities in two molecular motors where large-scale
motions are critical to their functions: Ca21-ATPase (Lee,
2002) and myosin (Holmes and Geeves, 1999; Steffen et al.,
2003). For myosin, calculations were done for the prehy-
drolyzing state (see Scheme 1) with bound Mg21ATP (PDB
code 1FMW, Bauer et al., 2000); the structures for the motor
domain without ATP or ADP were found to be very similar
to 1FMW (Bauer et al., 2000; Gulick et al., 1997) and
therefore have not been calculated. Substantial conforma-
tional transition occurs in the ATP hydrolyzing state (PDB
code 1VOM, Smith and Rayment, 1996), and therefore the
normal modes for the prehydrolysis state was analyzed in
terms of the conformational difference with the hydrolyzing
state. Due to the many missing residues in the 1VOM
structure, no normal mode analysis has been done for that
structure.
The Ca21-ATPase consists of a transmembrane domain
(TMD) that includes 10 helices, and a cytoplasmic piece that
includes three domains that have been termed N (nucleotide
binding), P (phosphorylation), and A (actuator) domains
(Toyoshima et al., 2000). In the popular proposal (Lee and
East, 2001), the functional cycle of Ca21-ATPase adopts at
SCHEME 1 The functional cycle of
myosin-II-actin (only a myosin-mono-
mer is shown).
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least two conformational states, generally referred to as E1
and E2 (Scheme 2); it was proposed that the x-ray structures
with and without Ca21 ions correspond to the E1Ca21
(Toyoshima et al., 2000) and E2 states (Toyoshima and
Nomura, 2002), respectively, although the E2 state was
crystallized with the inhibitor thapsigargin. The low
frequency modes for the E1Ca21 state have been brieﬂy
analyzed in a previous publication (Li and Cui, 2002); the
availability of the E2 x-ray structure (Toyoshima and
Nomura, 2002) allowed us to characterize the conforma-
tional transitions in terms of the low-frequency modes,
which is the major focus of the current work.
For all the systems studied here, the protein atoms were
described with the united atom representation associated
with the CHARMM 19 force ﬁeld (Neria et al., 1996). The
solvation effect was approximated for myosin with an
effective solvent model EEF1 (Lazaridis and Karplus, 2000),
which contains screened electrostatic interactions and
a Gaussian term that represents hydrophobic interactions.
For Ca21-ATPase, which is a membrane-bound system,
vacuum calculations were performed; the partial charges
associated with charged residues were scaled by 0.3 to
approximately account for the dielectric shielding due to the
environment. Although such a treatment does not accurately
account for the heterogeneous lipid-solvent environment, it
is expected to be sufﬁcient for exploring global structural
features associated with the Ca21-ATPase. This is also
supported by the fact that MD simulations with a similar
setup maintained the system close (RMS deviation from the
x-ray structures are\3 A˚ for all heavy atoms) to the x-ray
structures (for both calcium-loaded and calcium-free states)
for 10 ns. Moreover, such a protocol leads to a salt-bridge
interaction on the order of 1 to 3 kcal/mol, which is in accord
with the results of molecular dynamics simulations with
explicit solvents as well as mutation experiments involving
charged groups (Northrup et al., 1980; Simonson et al.,
1997). In both EEF1 and scaled-partial charge setups,
a distance-dependent dielectric constant was used. Previous
comparisons of vacuum normal mode analysis and solution
quasiharmonic analysis indicate that the two approaches in
general gave similar descriptions for the directions of
collective motions of proteins (Hayward and Go, 1995;
Hayward et al., 1993; Kitao et al., 1991), although the
explicit solvents lead to the overdamp of large-scale motions
(i.e., substantially longer relaxation times) and increase of
number of minima on the potential energy surface.
Starting from the x-ray structures (see Table 1 for
a summary), the systems were ﬁrst energy-minimized before
normal mode analysis. The minimization protocol started
with 500 steps of steepest descent followed by ;5000 steps
of adapted basis Newton-Rhapson (Brooks et al., 1983). To
prevent undesired structural distortions, gradually decreasing
harmonic constraints with respect to the x-ray structure as the
reference was used in the minimization. Another 3000
adapted-basis Newton-Rhapson minimization steps were
ﬁnally carried out without constraints, which produces the
ﬁnal structure with a typical RMS gradient on the order of
0.01 kcal/(mol 3 A˚). Such a threshold is sufﬁcient for the
current purpose, as reﬂected by the fact that the normal mode
analysis does not produce imaginary modes. Moreover, the
SCHEME 2 The functional cycle of
Ca21-ATPase in the E1-E2 model.
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translation and rotation modes have frequencies on the order
of 0.05 to 0.10 cm1. The RMS deviations between x-ray
and minimized structure are typically 1.5 A˚ (see Table 1).
In the BNM analysis, each block included only one
residue; each residue could be an amino acid, nucleotide,
water molecule, or metal-ion. Due to the use of a sparse
matrix diagonalization procedure, the BNM calculations can
be readily carried out for all the systems on a single CPU in
\2 h.
The results of the BNM calculations were analyzed in
terms of the root-mean square atomic ﬂuctuations (RMSF,
\Dr2[), participation ratios (Leitner, 2001; Sagnella and
Straub, 1999), and visual inspections. The RMSF and
participation ratios associated with the kth normal mode are
deﬁned by
h Drj
 2i ¼ kBT
mjv
2
k
L
2
jk; (1)
Rk ¼ +
Mres
i
+
3Ni
j
L2jk
" #2
; (2)
where Mres is the number of residues in the system, mj is the
mass of the jth atom, and Ni is the number of atoms in the i
th
residue; Ljk and vk are the j
th components and vibrational
frequency associated with the kth eigenvector, respectively.
As discussed extensively in previous work (Leitner, 2001;
Sagnella and Straub, 1999), the reciprocal of Rk corresponds
approximately to the number of residues involved in the kth
normal mode. To further characterize the motions involved
in the normal modes, the Dyndom package (Hayward et al.,
1997) was used to divide the structure into dynamical
domains (to be distinguished from the structural domain
identiﬁed based on static geometry) and identify hinge-
bending residues associated with the relative displacements
of these dynamical domains; for each normal mode analyzed,
two structures were generated by following the correspond-
ing eigenvector with phase angles of 908 and 2708,
respectively, which were then used as inputs for Dyndom.
For myosin and Ca21-ATPase, where multiconformations
are known from x-ray crystallography, the individual in-
volvement coefﬁcients were also computed to reveal the
connection between the normal modes and the conforma-
tional transitions (Tama and Sanejouand, 2001),
Ik ¼ ðX1  X2ÞjX1  X2j 3Lk; (3)
where X1–X2 is the displacement vector between two
conformations. A large involvement coefﬁcient indicates
that the motion along this normal mode is highly relevant to
the conformational transition being examined. A related
quantity that indicates the weight of a set of normal modes in
a conformational transition is the cumulative involvement
coefﬁcients,
CIn ¼ +
n
k¼1
I
2
k : (4)
Since the normal mode eigenvectors of a macromolecule
form a complete orthonormal set for the 3N-dimensional
space, CI3N is expected to be 1; in other words, I
2
k measures
the maximal percentile contribution of exciting motions
along the kth mode to the conformational difference between
the two states.
For an analysis of conformational transitions, the in-
volvement coefﬁcients from normal mode analysis are of
great interest because they measure the relative importance of
motions along a given normal mode. If the involvement
coefﬁcients are dominated by low-frequency normalmodes, it
is reasonable to expect that Brownian motions along these
directions can accomplish large-scale conformational tran-
sitions with signiﬁcant probability/rate. We note that thermal
amplitude of a normal mode, which is an equilibrium quantity
deﬁned in terms of the mean-square displacement of the
oscillation, is less relevant (compared to the direction of the
mode) in conformational transition problems; therefore, the
fact that normal mode analysis with simpliﬁed solvent
treatment does not give quantitative thermal amplitudes is
TABLE 1 Systems studied using the BNM method in this work
System
PDB
code Res.
No. of
residues*
No. of
atoms Dimension (A˚)
RMSDy
(A˚)
Sparse
ratioz
No. of
computed
modes Wall timez§
Ca21-ATPase, E1Ca21 1EUL 2.6 994/0 9307 86 3 99 3 117 1.30 40 200 2
Ca21-ATPase, E2 1IWO 3.1 994/0 9305 84 3 81 3 135 1.60 40 200 2
Myosin-II 1FMW 2.15 738/451 8688 68 3 93 3 69 1.59 31 100 0.75
*The numbers before the slash are the number of amino acids or nucleotides; the numbers after the slash are the number of x-ray-resolved water molecules.
yThe RMSD is between the minimized structures relative to the x-ray data for all backbone atoms. For the calculation setups, see subsection Approximate
Normal Mode Analysis: the Block Normal Mode (BNM) Approach. For myosin, an implicit solvent model (EEF1) was used, and the corresponding group-
based cutoff scheme is 11.0/9.0/7.0 A˚; for Ca21-ATPase, which is a membrane bound protein, no implicit solvent model was used, and the corresponding
atom-based cutoff scheme is 8.0/7.5/6.5 A˚. In the cutoff scheme, the ﬁrst number is the distance cutoff in generating the list of nonbond pairs; the second
number is the distance at which the switching function eliminates all contributions from a pair in calculating nonbond energies; and the third number is the
distance at which the switching function begins to reduce a pair’s nonbond contribution.
zIn those calculations, each block consists of one residue (amino acid, nucleotide, water molecule, or a Magnesium ion). The sparse ratio is deﬁned as the
number of elements larger than a given threshold (108 kcal/(mol 3 A˚2)) divided by the total number of projected Hessian elements.
§The wall time (in h) was for one 1.2-GHz Athlon machine with 1-GB memory.
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of little concern for our purpose. Take a simple example of
gauche-trans isomerization of butane. The isomerization is
dominated by a single torsional mode, which implies an
involvement coefﬁcient close to 1 for that mode. Although
a normal mode analysis cannot directly predict any rate
constant, the fact that the isomerization motion is dominated
by a very low-frequency torsional mode implies that the
barrier is likely to be low, relative to other type of processes
such as breaking of the C–C bond. The thermal amplitude of
the torsional mode is small at low temperatures, but this is
obviously not contradictory to the importance of the torsional
mode in the isomerization.
STRUCTURAL FLEXIBILITY AND FUNCTION OF
BROWNIAN MOLECULAR MACHINES:
MYOSIN AND CA21-ATPASE
In this section, the structural ﬂexibilities of myosin and
Ca21-ATPase are ﬁrst discussed in terms of their low-
frequency modes from BNM calculations. The functional
relevance of these motions is illustrated with involvement
coefﬁcients, which provide a semiquantitative scheme for
characterizing large-scale conformation transitions that are
valuable for more elaborate MD simulations in the future. In
the last subsection, we put the results into a more general
framework and discuss the value of low-frequency modes in
understanding motor functions.
Low-frequency modes of the motor
domain in myosin
As shown in Fig. 1 a, the majority of conformational
transitions in the myosin motor domain occurs in the C-
terminal region, which is known as the converter; during the
functional cycle of myosin, it is the large-scale displacement
of this converter region that guides the motion of the longer
level-arm (absent from the structure used here). When the
two states of myosin (ATP prehydrolysis state and ATP
hydrolyzing state, which will be referred to by their PDB
code names, 1FMW, Bauer et al., 2000; and 1VOM, Smith
and Rayment, 1996, respectively) are best ﬁt with the ﬁrst
650 amino acids, the total root-mean square difference
(RMSD) for these residues is only 2.4 A˚; the rest of the
residues in the C-terminal region after such alignment, by
contrast, have a much larger RMSD of 20.8 A˚ (Fig. 1 a). The
displacement of the C-terminal region can be approximately
described as a rigid body motion because residues in this
region have a small RMSD of 2.5 A˚ after they are
superimposed in the two states. In addition to the C-terminal
part, two nearby regions, the N-terminal region (;Asp-23)
and a long a-helical region (Ser-465 to Glu-497, the ‘‘relay’’
helix) adjacent to the ATP binding site also undergo
substantial changes (Fig. 2 a). Among the three structural
motifs essential to ATP binding and hydrolysis (P-loop,
Switch I, and Switch II), the Switch II region undergoes
a substantially larger change compared to the other two (Fig.
1 b); it corresponds to the formation and break of a salt-
bridge (Arg-238 and Glu-459), which was proposed to be
important for ATP hydrolysis based on mutation (Onishi
et al., 2002) and computational studies (G. Li and Q. Cui,
unpublished). An essential issue for the mechanochemical
coupling in myosin concerns the relation between the larger-
scale C-terminal motion and the more localized changes in
the ATP binding site, and to what extent these motions are
reﬂected by the intrinsic structural ﬂexibility of the motor
domain (i.e., low-frequency modes).
Based on the root-mean square ﬂuctuations (RMSF) from
the ﬁrst 100 modes (Fig. 2 b), the most mobile regions
include the C-terminal converter and a loop region in the
upper 50-K domain (Fig. 1 a), which form the opposite ends
of the structure (Fig. 1 a). The two regions that are close to
the C-terminal converter (the N-terminal and the relay helix),
FIGURE 1 The difference between the prehydrolysis
(1FMW) and hydrolyzing (1VOM) state of the Dictyos-
telium discoideum myosin-II motor domain. (Left) The
superposition of the motor domain in the two states based
on the backbone atoms in residues 1–650; red and blue
corresponds to 1FMW and green and yellow indicates the
1VOM state. As illustrated by the arrow, the majority of
the conformational difference occurs in the C-terminal
converter region. (Right) The structural difference between
the active sites of the two states, with the same color
coding; the ATP molecule is shown in van der Waals
representation, and the three important motifs for ATP
hydrolysis are shown in ribbon-type representation.
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which exhibit substantial differences between the two states
(Fig. 2 a), also have signiﬁcant ﬂuctuations (Fig. 2 b).
Residues in other regions, including those at the ATP
binding site (P-loop, Switch I, and Switch II), have much
smaller ﬂuctuations (see below). Therefore, the general
picture is that the low-frequency motions in myosin mainly
involve the ﬂoppy ends of the structure (C-terminal, upper 50
K) and little displacement in the active site. The intrinsic
ﬂexibility in the C-terminal converter region is consistent
with previous small-angle x-ray solution scattering (Sugi-
moto et al., 1995) and an approximate normal mode analysis
(Higo et al., 2001). It is also consistent with the observation
that the motor domain can adopt either the open (1FMW) or
the closed states (1VOM) with ADPBeF3 as the ligand
(Fisher et al., 1995; Holmes and Geeves, 1999; Houdusse
et al., 2000).
The relevance of the low-frequency modes in myosin to
the conformational transition is more quantitatively illus-
trated by the involvement coefﬁcients (Fig. 2, c and d ). The
individual involvement coefﬁcients (Ik) are dominated by
a number of low-frequency modes; e.g., only two intra-
molecular modes have Ik [ 0.20. Since the two states
(1FMW and 1VOM) were superimposed based on the ﬁrst
650 residues, the overall translation and rotation also have
notable contributions, although superimposing the two
structures based on all heavy atoms gave very similar results
in terms of involvement coefﬁcients of internal normal
modes. For example, one rotational mode has a large
involvement coefﬁcient ;0.30 (Fig. 2 c), which highlights
the fact that the conformational transition substantially
changes the center of mass and moments of inertia of the
system (note that intramolecular normal modes conserve the
center of mass properties). The cumulative involvement
coefﬁcients (Fig. 2 d ) indicate that nearly 50% of the overall
conformational changes can be described in terms of motions
in the direction of the 10 lowest-frequency modes. After the
10th mode, the increase of the cumulative involvement
coefﬁcients becomes substantially slower (Fig. 2 d );
including all 100 modes, nearly 60% of the conformational
changes can be accounted for.
The lowest-frequency internal mode (v1 ¼ 1.8 cm1) has
the largest involvement coefﬁcient (I1 ¼ 0.32), and it mainly
involves the displacement of the C-terminal converter region
and the upper 50-K domain (Fig. 3 a). As shown in Fig. 4 a,
the converter region undergoes a rigid-body rotation, which
is precisely the motion that corresponds to the essential
conformational transition between 1VOM and 1FMW.
Dynamical domain analysis (Hayward et al., 1997) using
the two end-structures found the hinge axis, which is also
shown in Fig. 4 a; the hinge regions (see Table 2) include
residues Gln-112–Thr-117, Phe-482, Ile-514, and Gly-680,
which are shown as the dark green region in the Dyndom
plot (also see Supporting Materials for the positions of the
hinge residues in the structure); Phe-482 and Gly-680 are in
close contact in the crystal structure, with Phe-482 on the
relay helix whereas Gly-680 is on the so-called SH1–SH2
FIGURE 2 The correspondence be-
tween structural difference and low-
frequency normal modes in myosin-II
motor domain. (a) The displacements of
Ca atoms between the prehydrolysis
(1FMW) and hydrolyzing (1VOM) struc-
tures, with the essential active site motifs
highlighted; (b) the root-mean square
ﬂuctuations (RMSF ) of Ca atoms in the
prehydrolysis state calculated using the
100 lowest-frequency modes at 300 K
(Eq. 1); (c) the individual involvement
coefﬁcients (Eq. 3) for the ﬁrst 100
modes; and (d) the cumulative involve-
ment coefﬁcients (Eq. 4). In c and d, the
overall translational and rotational modes
are shown with negative mode indices;
they contribute because the structures are
superimposed with residues 1–650 (see
text).
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helix (Fig. 1 a). To conserve the center of mass, a loop and
the long a-helix in the upper 50-K domain rotate in the
opposite direction. Although the difference in the converter
is substantially larger than that in the upper 50-K domain
between the two conformational states (Fig. 1 a), the
magnitude of their motion is comparable in the normal
modes, which is imposed by the conservation of the center-
of-mass position. The magnitude of rotation in the converter
domain predicted from the normal mode analysis at 300 K is
much smaller than the difference between the actual x-ray
structures of the two states (Fig. 1), which reﬂects the
limitation of the harmonic assumption inherent in the normal
mode analysis. As mentioned above, the active site has
relatively small degree of motion in the low-frequency
modes. In the ﬁrst mode, for example, the observed
displacement in Switch II (Fig. 4 b) has little overlap with
the functional transition between the prehydrolysis to the
hydrolyzing states (Fig. 1 b).
In the other internal modes that have large individual
involvement coefﬁcients (the second, sixth, and eighth
modes), a common feature is the simultaneous motion in
the converter region and the upper 50-K domain, with the
majority part of the system staying rigid. The ﬂuctuations of
other regions are generally smaller in these modes compared
to the ﬁrst mode, which is also reﬂected by the participation
ratios that are smaller by almost 100 (Fig. 3). Due to the
orthogonality to the ﬁrst mode, however, the patterns in the
two regions (Fig. 4) are different from those in the lowest-
frequency mode. For example, in the second mode (Fig. 4 c),
the displacements in the converter and upper 50-K domain
are nearly perpendicular to those in the ﬁrst mode. In the
eighth mode (Fig. 4 e), it is interesting that the actin binding
motif (shown as violet in Fig. 4 e, also see Fig. 1 a) was also
found to have substantial mobility. The hinge residues of
these modes (see Table 2) are mainly focused at the upper
50-K domain (e.g., Leu-354, Ser-379) and the converter
domain (e.g., Phe-692) as well as the N-terminal residues
(e.g., Phe-25–Thr-28). It is interesting to note that the Switch
I motif (Ser-237, Arg-238) is involved as the hinge region in
the second mode.
Low-frequency modes of the Ca21-ATPase in
different functional states
As shown in Fig. 5, large changes are observed in the TMD
and cytoplasmic domains between E1Ca21 and E2, and the
magnitude of conformational change depends on the scheme
used to superimpose the two structures. If best ﬁtted based on
TMD, the N, P, and A domains in the two states have very
large RMSDs of 39.9, 14.3, and 20.2 A˚, respectively; the
TMDs have a RMSD of 5.8 A˚. If best ﬁtted based on all
heavy atoms, the RMSDs for N, P, and A are 17.0, 9.4, and
19.3 A˚, respectively, and that for TMDs is 10.3 A˚. Therefore,
aligning the structures based on TMD signiﬁcantly ampliﬁes
the displacement of the N domain (Fig. 5). It is not
immediately clear which is the better way to characterize the
conformational transition: on one hand, the TMD is held by
the lipid and thus it appears to be more physical to minimize
FIGURE 3 The RMSF of Ca atoms in selected normal
modes of the prehydrolysis state myosin-II motor domain
(1FMW) that have large individual involvement coef-
ﬁcients. For each mode, the three numbers above each plot
are the vibrational frequency (in cm1), reciprocal
participation ratio (Eq. 2), and the individual involvement
coefﬁcient (Eq. 3).
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FIGURE 4 Superposition of end-structures (in
cartoon format) in selected normal modes of the
prehydrolysis state myosin-II motor domain
(1FMW) that have large individual involvement
coefﬁcients. The end-structures are generated
based on the corresponding equation of motion,
and they correspond to a phase angle of 908 and
2708, respectively; to clearly illustrate the struc-
tural variations, a high temperature of 1500 K was
used. In each mode, red and blue indicate one
structure; green and yellow correspond to the
other. The arrows indicate qualitative in-plane
motion of the modes, whereas ‘‘’’ indicates out-
of-plane rocking motion. Similar to Fig. 3, the
three numbers in each plot are the vibrational
frequency (in cm1), reciprocal participation ratio
(Eq. 2), and the individual involvement coefﬁ-
cient (Eq. 3). Also shown are the results (in Trace
format) of dynamical domain analysis using the
Dyndom software with these end-structures.
Different domains are colored differently, with
dark green indicating regions undergoing signif-
icant bending going from one end-structure to the
other; for the hinge residues, see Table 2 and
Supporting Materials. The arrows indicate the
hinge-bending axis, where the colors of the axis
and arrowhead indicate the two dynamical
domains involved in the relative motion. In b,
displacements in the ATP (in vander Waals
representation) binding site are shown (see text).
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the displacements of TMD during the best-ﬁt procedure; on
the other hand, normal mode analysis indicates that the low-
frequency modes contain signiﬁcant components in TMD
that correspond to the transition between the two states when
best ﬁtted based on all heavy atoms. Qualitative trends for
the correlation between low-frequency modes and confor-
mational transition are the same using either scheme for
alignment. Therefore, in the following discussion, we focus
on results obtained by ﬁtting the E1Ca21 and E2 structures
based on all heavy atoms. It should be noted that the internal
structures of the N, P, and A domains change little in the two
states, especially for N and P; the internal RMSD in the three
domains are 1.5, 1.2, and 3.6 A˚, respectively. Therefore, the
dominant components in the conformational transition
between E1Ca21 and E2 involve rigid domain-motions of
N, P, and A relative to TMD, and to a somewhat smaller
extent, the internal structural changes in TMD.
Overall, the BNM calculations indicate that the confor-
mational difference between the E1Ca21 and E2 states can
be characterized by a small number of modes in either state,
although the number of modes with large contributions is
smaller and more concentrated on the lowest-frequency
modes in E1Ca21 (Fig. 6). After the two states are
superimposed based on all heavy atoms, only ﬁve E1Ca21
modes have Ik [ 0.20 (Fig. 6 a), and the ﬁrst mode has
a dominating value of 0.53 (i.e., 25% of the conformational
difference between E1Ca21 and E2 can be accounted for by
motions in the direction of the ﬁrst mode). More strikingly,
the cumulative involvement coefﬁcient is almost 0.7 when
considering only the 10 lowest-frequency E1Ca21 modes
(Fig. 6 c). For modes in the E2 structure (Fig. 6 b), the
individual involvement coefﬁcients for the low-frequency
modes are also generally larger than those of high fre-
quencies, although the dominance is less obvious and shifted
to higher frequency compared to the E1Ca21 case. For
example, the E2 mode with the largest individual in-
TABLE 2 Hinge regions identiﬁed for the normal modes have
large involvement coefﬁcients based on block normal mode
analysis of myosin-II
Mode Hinge index Hinge residues
Q1 1 Q112-T117, I514, F482, G680
Q2 1 L222, S237, R238, S260
2 L354, A378, S379, S417, R418
Q6 1 L27, T28, F692, P693
2 L421-L425, L529,
Q8 1 F25-T28, N81
2 D509, S510
For each normal mode examined here, end-structures were ﬁrst generated
by following the corresponding eigenvectors at 1500 K; the two end-
structures have phase angles of 908 and 2708, respectively. These end-
structures were then analyzed with the Dyndom package, to identify the
dynamical domains involved in the normal mode motion and the cor-
responding hinges for the relative displacements of these dynamical
domains. See Supporting Materials for ﬁgures that illustrate the position of
the hinge residues in the structure.
FIGURE 5 The superposition of cal-
cium-loaded and calcium-free Ca21-
ATPase structures when they are aligned
based on (a) backbone atoms in the
transmembrane domain (TMD) and (b)
all backbone atoms. In c and d, the
corresponding displacements in Ca are
shown respectively. In a and b, brown-
red-purple-dark blue corresponds to the
E1Ca21 state, and gray-green-blue-yel-
low corresponds to E2. In c and d, pale
blue indicates the A domain, yellow
indicates the N domain, pink indicates
the P domain, and the rest corresponds to
the TMD.
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volvement coefﬁcient is the fourth mode, which has a
frequency of 1.1 cm1 and an Ik of 0.40; the 18th mode has
a frequency of 3.16 cm1 and an Ik of 0.36. A few other
modes have Ik ; 0.20, including, for instance, the lowest-
frequency E2 modes and the 16th mode (2.98 cm1). As
a result, the cumulative involvement coefﬁcient for the ﬁrst
10 E2 modes is only 0.3, compared to the value of 0.7 with
E1Ca21 modes; in other words, although 70% of the
conformational difference between E1Ca21 and E2 can be
described by motions in the direction of the 10 lowest-
frequency modes in E1Ca21, only 30% of the conforma-
tional difference can be accounted for with motions in the
direction of the 10 lowest-frequency modes of E2. Since
motions along modes of higher frequencies are required in
going from E2 to E1Ca21, the results imply that energy rises
more rapidly around E2 than around E1Ca21 during the
functional transitions.
Next, it is instructive to examine and compare the
characters of low-frequency modes in the two functional
states that are relevant to the conformational transition (Figs.
7–11). From a structural point of view, E2 is expected to be
less ﬂexible than E1Ca21 considering the fact that the
cytoplasmic domains (N, P, and A) form more close
interactions compared to the E1Ca21 structure where the
N and A domains are far apart. This is clearly reﬂected in the
difference between the low-frequency modes of E2 and
E1Ca21.
In E1Ca21, the four modes with the largest individual
involvement coefﬁcients are the ﬁrst, second, fourth, and
ninth modes (Fig. 6 a). In the ﬁrst two modes (Fig. 7, a and b;
and Fig. 10, a and b), it is essentially the rocking of the N
domain relative to the rest of the proteins; the directions for
the rocking are perpendicular in the two modes. To conserve
the center of mass, the rest of the protein also has substantial
displacements, although the relative arrangements of P, A,
and TMD remain essentially the same. Both modes have
hinge residues (see Table 3) in the range of Thr-357–Gln-
360 and Asp-601–Arg-604, which are at the interface
between the N and P domains (see Supporting Materials
for illustrations). In the E1Ca21 structure, the ATP binding
site in the N domain (Lys-492) is very far ([25 A˚) from the
phosphorylation site (Asp-351) in the P domain, and
therefore the high structural elasticity is critical such that
the conformational transition to the phosphorylation state
can occur in a diffusive manner without the requirement of
much external driving force (Xu et al., 2002). This is clearly
demonstrated by the fact that the two lowest-frequency
modes in E1Ca21 have essentially pure rocking of the N
domain relative to the rest of the system, and they both have
large individual involvement coefﬁcients; motions in the
direction of two modes constitute 45% of the conformational
difference between the two states! The second mode also
involves motion of the P domain relative to the A/TMD
domains (Fig. 10 b), for which the hinge residues are those at
the P/A interface, such as Ile-348, Cys-349, and Ala-699–
Thr-701 (Table 3).
In the fourth and ninth modes, the motions are very
different from the ﬁrst two modes. In the fourth mode (Figs.
7 c and 10 c), the N and P domains have very small
displacements; the A domain rocks with an axis nearly
parallel to the TMD, whereas the entire TMD twists around
FIGURE 6 Individual (a, b) and cumulative (c) involvement coefﬁcients
calculated when the calcium-loaded/-free forms are aligned based on all
backbone atoms. In a and b, the eigenvectors associated with the calcium-
loaded and calcium-free structures are used, respectively. The overall
translational and rotational modes are shown with negative mode indices,
although they do not contribute signiﬁcantly (see text).
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the norm of the membrane. The internal structure of either A
or TMD remain rather rigid during the rocking and twisting
motions. The hinge residues for the rocking of the A domain
include those at the A/TMD interface, such as Trp-50 (A/
M1) and Thr-247–Leu-253 (A/M3); the twist of TMD
relative to the N/P domains mainly involve hinge residues on
the M5 TMD helix, such as Arg-751 and Tyr-754. It is
interesting to note that several residues in the loop
connecting M6 and M7, Pro-821, Arg-822, and Leu-828,
also serve as hinges for the motions involved; this loop is
termed L67, and is believed to be essential for the signal
transduction between the calcium-binding motifs in the
TMD and the N/P domains (Lee and East, 2001; Zhang et al.,
2001). In the ninth mode (Figs. 7 d and 10 d ), the
displacements of the P domain show up clearly; the P and A
domains rock relative to each other, whereas the TMD twists
as a rather rigid body around the norm of the membrane. The
N/P interface (Leu-356–Ser-362; Met-599–Asp-601) is the
hinge for the relative N/P motion and those on M5 (e.g., Val-
747) as well as on L67 (e.g., Ser-823, Pro-824) are the hinges
for the TMD twists.
In E2, the modes with large involvement coefﬁcients are
the ﬁrst, second, fourth, and eighth modes, and the 14th,
16th, 17th, and 18th modes (Fig. 6 b); the involvement
coefﬁcients are the largest for the fourth and 18th modes,
in contrast to the situation in E1Ca21 (Fig. 6 a). Due to
the more compact structures, especially in terms of the
orientation of the N domain and its interaction with the A
domain, the normal modes in E2 are more complex and
usually involve multiple hinges. Moreover, the modes in E2
exhibit evident internal motions of the TMD, with many
hinge residues in the middle of transmembrane helices (see
Table 3 and Supporting Materials). In the ﬁrst mode, the P
and A domains move approximately as a group, and the
motion involves the rocking of this group, the N domain, and
the twisting of the TMD (Figs. 8 a and 11 a). The hinges for
the P-A motions are at the interface between P and M5 (Ile-
743–Ala-746), whereas the hinges for the TMD twist
involves a number of residues on M4 (Ile 315) and M5
(Lys-758–Ile-761). The motion of the second mode is rather
complex and involves a number of relative displacements of
various groups (Figs. 8 b and 11 b); these include the rocking
of the N and A domains in directions perpendicular to those
in mode 1, and twists of the TMD (for the displacement axis,
see Fig. 11 b). The hinge residues exist on the interface
between N/P, A/M1, A/M3, and A/P; two residues on M5,
Tyr-763, and Leu-764 were found as hinges for the internal
motion of the TMD. In the fourth mode (Figs. 8 c and 11 c),
the N, P, and A domains and TMD move almost like rigid
bodies, and the hinge residues occur at the interfaces
between them (Table 3). In the eighth mode (Fig. 8 d and
11 d ), the motion is rather distinct: it involves the relative
opening and closing of the N and A domains, and complex
motion of the TMD; there are many hinge residues that occur
FIGURE 7 The RMSF of Ca atoms in selected normal
modes of the calcium-loaded form (E1Ca21) of Ca21-
ATPase that have large individual involvement coefﬁ-
cients. For each mode, the three numbers above each plot
are the vibrational frequency (in cm1), reciprocal
participation ratio (Eq. 2), and the individual involvement
coefﬁcient (Eq. 3).
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in different parts of TMD, including M3, M4, M5, and M8
(Table 3). The few higher-frequency modes (;3 cm1) that
have large involvement coefﬁcients (Fig. 9) are more
complex in terms of atomic motions, and include various
relative displacements of the N, P, and A domains and TMD;
the TMD also undergo notable intradomain rearrangement
(see the ﬁgure in Supporting Materials).
DISCUSSION
Low-frequency modes and functional transitions
in Brownian molecular machines
Given the x-ray structures for the various conformational
states, what new insights can be obtained into the structure-
function relationship of the system by performing normal
mode analysis? Before the present study, similar normal
mode studies (Ma and Karplus, 1998; Marques and
Sanejouand, 1995; Tama and Sanejouand, 2001; Thomas
et al., 1999) for a number of protein systems that involve
large-scale conformational transitions found that a major
component of these transitions can often be captured by
a small number of low-frequency modes. The trend has been
rationalized by the simple idea that such a design will ensure
that the functional conformational transitions proceed with-
out a signiﬁcant energy penalty; i.e., the conformational
transition is largely a diffusive rather than a thermally
activated process. Here we explore this idea in the context of
two representative molecular machines: myosin and Ca21-
ATPase, and investigate to what extent the functional tran-
sitions in these systems can be characterized as collective
motions that are represented by low-frequency modes; the
latter is an important objective because the results will
impact on the design of more elaborate MD simulations for
probing the energetics and kinetics of the conformational
transitions.
For the two systems studied, which represent two distinct
classes of molecular machines that convert free energy
among various forms (i.e., chemical ! mechanical in
myosin, chemical ! ion gradient in Ca21-ATPase), it was
found that the various conformational states indeed have the
ﬂexibilities that are highly correlated with the conforma-
tional transitions required by the function. The direct
numerical evidence is that the individual involvement
coefﬁcients are signiﬁcant for only a small number of low-
frequency modes. In myosin, 45% of the conformational
change that converts the system from the prehydrolysis to the
hydrolyzing state can be described with motions in the
direction of the ﬁrst 10 normal modes. In the E1Ca21 state
of Ca21-ATPase, strikingly, 70% of the conformational
difference from the E2 state can be described with only the
10 lowest-frequency modes. With the 10 lowest-frequency
normal modes of the E2 state, however, \40% of the
expected conformational transition can be accounted for,
which implies that energy rises more rapidly around E2
FIGURE 8 The RMSF of Ca atoms in selected normal
modes of the calcium-free form (E2) of Ca21-ATPase that
have large individual involvement coefﬁcients. For each
mode, the three numbers above each plot are the
vibrational frequency (in cm1), reciprocal participation
ratio (Eq. 2), and the individual involvement coefﬁcient
(Eq. 3).
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compared to E1Ca21 during the isomerization (i.e., the
initial transitions involves motions along modes of higher
frequencies).
Intrinsic structural ﬂexibilities in proteins that perform
functions through conformational transitions have been
probed with NMR for signal transduction proteins (Volkman
et al., 2001). For several receiver domains involved in two
component systems, for example, it was argued based on
NMR relaxation and chemical shifts measurements (Volk-
man et al., 2001) that these proteins have the intrinsic
structural ﬂexibility in regions that undergo large-scale
conformational transitions. Therefore, in contrast to the
traditional mechanism in which conformational transition is
triggered by chemical events (e.g., phosphorylation), it was
argued that the protein has certain population in the active
conformation even without the chemical activation; the role
of the chemical event is simply to shift more populations
toward the active conformation. In light of the normal mode
results discussed here, we speculate that many molecular
motors work through such a population-shift mechanism;
i.e., the motor has intrinsic structural ﬂexibility such that
Brownian motions can lead to signiﬁcant population of
speciﬁc conformations where chemistry (e.g., ATP hydro-
lysis) occurs. For example, myosin has to switch from the
open to the closed state to allow ATP hydrolysis, whereas
Ca21-ATPase has to swing the N (by[25 A˚) and A domains
to allow ATP binding and the subsequent phosphorylation.
For myosin, this has been demonstrated with bulk tryptophan
ﬂuorescence studies for a single tryptophan-containing mu-
tant of Dictyostelium myosin (Malnasi-Csizmadia et al.,
2001a,b, 2000), which revealed that the open (1FMW)-
closed (1VOM) transition does not require ATP hydrolysis
per se and can be induced by a nonhydrolyzable ATP analog.
The ﬂexible constructs of myosin and Ca21-ATPase is an
important component of the Brownian ratchet model, which
has been proposed to rationalize the unidirectional character
of molecular motors (Astumian and Hanggi, 2002; Julicher
et al., 1997). The ratchet effect, however, cannot be
addressed directly with the normal mode results. In the
literature (Astumian and Hanggi, 2002; Julicher et al., 1997),
it is often loosely stated that the ratchet effect arises because
ATP hydrolysis breaks detailed balance by driving the
system locally out of equilibrium. We emphasize that the
term out-of-equilibrium should not refer to the hydrolysis
reaction per se, because the equilibrium constant associated
with the ATP hydrolysis step is usually measured at close to
1 in motor systems (Boyer, 1993; Holmes and Geeves,
1999). In other words, ATP and ADPPi are in constant
equilibrium, which has been illustrated by 18O isotope
exchange results in systems such as F1-ATPase (Bagshaw
et al., 1975) and myosin (Dale and Hackney, 1987). As
already mentioned in the Introduction, this makes sense,
because otherwise the energy released will be dissipated to
the environment rather rapidly, which compromises the
FIGURE 9 Similar to Fig. 8, but for a few modes of
substantially higher frequencies that have large involve-
ment coefﬁcients for E2.
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efﬁciency of the motor. Therefore, it is likely that the ratchet
effect is related to other features of the functional cycle; e.g.,
it might be that products of the chemical events stabilize the
new conformation over the initial one, or further events can
occur with the new conformation; in the case of myosin,
these correspond to the possibilities that ADPPi stabilize the
closed conformation over the open (G. Li and Q. Cui,
unpublished), and that the ADPPi state favors rebinding of
myosin to actin, which is practically irreversible.
Formost important conformational transitions, one expects
a combination of collective displacements and local rear-
rangements in the active site. In myosin, the collective
displacement mainly concerns the converter region, whereas
the local rearrangement involves the salt-bridge region
between Switch I and Switch II (Fig. 1 b), which is essential
for the chemistry in the mechanochemical cycle (Holmes and
Geeves, 1999; G. Li and Q. Cui, unpublished; Rayment,
1996). In calcium pump, the collective motion mainly
involves displacements of the N and A domains, as well as
some adjustments in the TMD,whereas local changes involve
the reorientation of the side chains in Glu-58, Glu-771, and
Glu-908 (Lee, 2002; Toyoshima and Nomura, 2002), which
are essential for calcium binding. A key issue in the
mechanochemical coupling of molecular motors concerns,
therefore, the relationship between the collective and local
motions. In the normal mode analysis for all the structures
studied here, no local motions were evident in the low-
frequency modes that have large involvement coefﬁcients,
although certain active site residues function as hinges for the
essential normalmodes (e.g., Arg-238 inmyosin andGlu-361
in Ca21-ATPase; see Tables 2 and 3). A possible scenario is
that the local arrangement is a thermally activated process and
thus corresponds to high energy/frequency motions, irre-
spective of the collective motions. Alternatively, it is possible
that the local motions are gated by the collective motion
(Berlin et al., 2001), and are also diffusive in nature (or a very
fast thermally activated process) after the collective motions
have occurred up to a certain degree; a remotely relevant
classical example concerns the ring ﬂip of a Tyr in the core of
protein BPTI (McCammon and Karplus, 1980), which is
gated by the breathing motion of the entire protein.
Considerations along those lines suggest that functional
transitions in some molecular motors might be more appro-
priately described as global elastic motions regulating
essential local structural changes, which is in contrast with
the conventional description of local structural perturbations
somehow getting ampliﬁed into large-scale motions. In the
case of myosin, for example, we favor that the critical issue is
how Brownian motions associated with the converter domain
get transmitted to the active site (Switch I/II regions), rather
than the ampliﬁcation of conformational transitions in the
active site to the converter, as usually discussed in the
literature. Nevertheless, it is clear that molecular dynamics
simulations need to be carried out to examine the coupling and
causal relationship between collective motions and local
structural changes. In this regard, another important value of
the BNM results is that they provide a set of collective
coordinates that can be used to characterize the progress of
large-scale conformational transitions in more detailed MD
simulations.
FIGURE 10 Superposition of end-
structures in selected normal modes of
the calcium-loaded form (E1Ca21) of
Ca21-ATPase that have large individual
involvement coefﬁcients. The end-struc-
tures are generated based on the corre-
sponding equation of motion, and they
correspond to a phase angle of 908 and
2708, respectively; to clearly illustrate the
structural variations, a high temperature of
1500 K was used. The dotted circles
indicate that the enclosed domains move
almost like a rigid body. The brown-red-
purple-dark blue corresponds to one end-
structure, and gray-green-blue-yellow
corresponds to the other. Also shown are
the results (in Trace format) of dynamical
domain analysis using the Dyndom soft-
ware with these end-structures. Different
domains are colored differently, with dark
green indicating regions undergoing sig-
niﬁcant bending going from one end-
structure to the other; for the hinge
residues, see Table 3 and Supporting
Materials. The arrows indicate the hinge-
bending axis, where the colors of the axis
and arrowhead indicate the two dynamical
domains involved in the relative motion.
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It is of interest to relate the BNM analysis with available
experimental results on the identity of residues important to
the functional transitions. The general idea is that residues
that act as hinge residues are expected to be important. We
note that performing hinge analysis (Hayward et al., 1997)
with important normal modes allows one to examine
potentially important residues in more detail, compared to
using only the x-ray structures as the two ending-points; with
Ca21-ATPase, for example, the only hinge regions identiﬁed
with the x-ray structures are those at the N/P and A/TMD
interfaces, whereas analysis using structures generated with
normal modes identiﬁed many other hinges at the P/TMD
interfaces and within the TMD (see subsection Computa-
tional Models and Protocol).
For myosin, we noted a very recent experiment by Ito et al.
(2003), who showed that mutating Phe-482 into a smaller
residue such as Ala abolished the motility of myosin in vivo.
The double mutant F482A/G680F, by contrast, was
functional both in vivo and in vitro. These experimental
observations indicated the importance of F482/G680 in the
functional transition, which is consistent with the fact these
residues were found to be hinge residues for the ﬁrst mode in
the current BNM analysis (see Table 2). Another mutagen-
esis study (Sasaki et al., 2003) that also appeared recently
demonstrated that mutations I499A and F692A completely
abolished the motor function of myosin II in vivo and in
vitro, although the ATPase activity was not altered. In the
BNM calculations, Phe-692 was found to be a hinge residue
in the sixth mode (Table 2), which has a large involvement
coefﬁcient. Therefore, the BNM analysis generated encour-
aging insights into the role of speciﬁc residues in the
functional transitions, although more detailed analysis with
molecular dynamics is clearly required for more thorough
understanding. We hope that the current study can stimulate
further mutations studies on residues that we predict to be
important in the functional transitions.
On calcium pump, a large number of mutation studies
have been carried out (Andersen, 1995; Andersen and Sor-
ensen, 1996; Krupka, 1994), although many of these are
targeted toward calcium binding pathways or inhibitor bind-
ing sites (Andersen and Vilsen, 1995). Among the mutants
constructed, the most relevant to the current study are those
unable to phosphorylate with ATP/Pi as substrate. Most of
these phosphorylation-negative mutants involve mutations at
the N-P interface (Asp-351–Thr-357, and Asp-601, Pro-603)
(Andersen and Vilsen, 1995). Other than Asp-351, which is
chemically involved in the phosphorylation, it is likely that
other residues are critical because they regulate the structural
ﬂexibility of the N domain; this is consistent with our ﬁnding
that they are hinge residues in the critical low-frequency
modes of E1Ca21 (Table 3). The loop connecting M6 and
M7 (L67) (Andersen et al., 2003; Zhang et al., 2001) was
also found to be important to the communication between
calcium binding and the ATPase activity (Lee and East,
2001). Mutating the conserved residues Asp-813, Asp-815,
and Asp-818 to Asn was found to interfere strongly with
ATPase activation by Ca21 binding (Zhang et al., 2001).
Kinetic measurements also demonstrated that the hydrogen
FIGURE 11 Similar to Fig. 10, but
for the normal modes of the calcium-
free form (E2) of Ca21-ATPase.
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bond network involving Asn-813 and Lys-758 is important
for the E2 ! E1Ca21 transition (Andersen et al., 2003).
These mutation results are qualitatively consistent with the
current results that residues in L67 and Lys-758 are hinges in
the low-frequency modes of E1Ca21 and E2, although
a more concrete understanding requires further simulation
studies. There are also many mutations that block the tran-
sitions between E1P and E2P states (Andersen and Vilsen,
1995); they are more difﬁcult to interpret with the current
results since calculations were only performed at the
E1Ca21 and E2 states.
Before closing, we note that not all the low-frequency
modes are important to the conformational transitions that
are directly relevant to the function. Indeed, many low-
frequency modes have vanishingly small involvement
coefﬁcients in myosin and Ca21-ATPase studied here. One
explanation is that the x-ray structures represent only a subset
of conformations available to the motor system. Alterna-
tively, it is also possible that only a subset of structural
ﬂexibility is taken advantage of by the motor protein to
perform relevant functions. The superﬂuous ﬂexibility could
be simply a byproduct of evolution (e.g., an inevitability of
packing amino acids in a certain way) or could be utilized
for other purposes. Therefore, for systems with detailed
structural information for only one conformational state, it
remains difﬁcult to predict unambiguously other relevant
functional states with normal mode analysis alone. Com-
bined with other information, however, normal mode
analysis is a powerful approach for stimulating new experi-
ments to test various hypotheses that ultimately will lead to
an improved understanding of the relevant mechanism. For
example, it should be highly interesting to use the normal
mode eigenvectors from a high-resolution structure as the
basis set to carry out structure reconstruction for other
functional states with low-resolution data (e.g., electron
microscopy); i.e., one optimizes the linear combination
coefﬁcients of the eigenvectors such that the produced high-
resolution model reproduces the low-resolution data for the
new functional state. Compared to other ﬂexible docking
algorithms (Wriggers and Chacon, 2001), the advantage of
a normal mode-based approach is that the number of
variables need to be optimized is signiﬁcantly smaller.
CONCLUSIONS
Myosin-II and Ca21-ATPase are two prototypical molecular
motors that carry out bioenergy transductions using the
chemical energy in ATP: the former performs mechanical
work whereas the latter carries out vectorial transport of
calcium ions against a concentration gradient. As an attempt
to understand the principles behind the construction of these
molecular machines, we analyzed the structural ﬂexibility of
myosin-II and Ca21-ATPase in terms of their low-frequency
normal modes and explored the connection between the
normal modes with the large-scale conformational transi-
tions implicated in their functional cycles. The present
analysis was made possible by a further improvement of
a coarse-grained normal mode analysis method, the block
normal mode (BNM) approach (Li and Cui, 2002; Tama
et al., 2000), that has been recently implemented into the
molecular simulation package CHARMM.
It was found that for all the structures analyzed here, there
is a good correspondence between the low-frequency modes
and the large-scale conformational transitions in the
functional cycles of these systems. Although it is well
recognized that atomic ﬂuctuations in macromolecules are
dominated by low-frequency modes (Case, 1994; Kitao and
Go, 1999), it is not necessarily obvious that a majority of the
conformational transition is dominated by a small number of
low-frequency modes, as found in the current analysis of
molecular motors as well as previous studies on several other
protein assemblies whose functions rely on conformational
ﬂexibilities (Marques and Sanejouand, 1995; Tama and
Sanejouand, 2001; Thomas et al., 1996, 1999). We believe
TABLE 3 Hinge regions identiﬁed for the normal modes have
large involvement coefﬁcients based on block normal mode
analysis of Ca21-ATPase
System Mode
Hinge
index Hinge residues (regions)
E1Ca21 Q1 1 T357-Q360 (N/P); D601-R604 (N/P)
1EUL Q2 1 K352, L356, T357, C364 (N/P);
L600-P603 (N/P)
2 I348, C349, A699-T701, A710 (P)
Q4 1 Q360-S362 (N/P); M599-D601 (N/P)
2 V747, R751, Y754 (P/M5); P821,
R822, L828 (L67)
3 W50, I54 (A/M1); T247, L249,
Q250, K252, L253 (A/M3)
Q9 1 L356-S362 (N/P); M599-D601 (N/P)
2 E340, A746, V747 (P/M5); S823,
P824 (L67)
E2 Q1 1 I743-A746 (M5)
1IWO 2 I315 (M4); K758-I761 (P/M5)
Q2 1 E40-P42 (A/M1); L119 (A/M2);
I232, G233, I235, R236 (A/M3)
2 K246, T247 (M3)
3 L356, W552, T558, L600 (N/P)
4 E575, M576, S581-Y587 (N/A)
5 Y763, L764 (M5)
Q4 1 L249, Q250 (M3); P312-T316 (M4)
2 K572, E575, S581-Y587 (N/A)
3 E231 (A/M3)
4 D601 (N/P)
Q8 1 F256, G257 (M3); A305-P308 (M4),
S767-E771 (M5); L787-L795
(M6); M897-L904 (M8)
2 L119, K120 (A/M2)
3 V734 (M5)
See the legend of Table 2 for the procedures used to identify these hinges.
The notations in the parentheses indicate the structural region to which the
hinge residues belong. See Supporting Materials for ﬁgures that illustrate
the position of the hinge residues in the structure.
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that such a feature is more prevalent in molecular motors
than in other simpler protein systems that also undergo
conformational transitions for their functions (e.g., signal
transduction proteins) because, in motor systems, the
conformational transition often has to occur spontaneously
and other events (such as ATP hydrolysis in myosin) only
occur subsequently. Therefore, it is critical that the motor
structures have intrinsic ﬂexibilities such that signiﬁcant
conformational changes can occur with Brownian motions.
In this sense, the name Brownian molecular machine is
a well-deserved choice for molecular motor systems,
although much remains to be explored on the mechanism
of the ratchet effect implicated in various phenomenological
models (Astumian and Hanggi, 2002; Julicher et al., 1997).
On the other hand, perhaps not surprisingly, the low-
frequency modes involve little local structural rearrange-
ment in the ATP or calcium-binding site, which suggests that
these local changes are either high in energy barrier or, very
likely, gated by collective low-frequency modes. These
arguments suggest that it might be more appropriate to
describe functional transitions in some molecular motors as
collective Brownian motions regulating local structural
changes, which is in contrast with the conventional de-
scription of small changes in the active site somehow amp-
liﬁed into large-scale motions.
The current work represents a useful step toward
a microscopic understanding of the free energy conversion
mechanism in molecular motors. A valuable output from the
normal mode analysis is a set of collective coordinates that
can be used to characterize the progress of global confor-
mational transitions. These coordinates would be very useful
in molecular dynamics simulations for further exploring the
coupling and causal relationship between collective motions
and local structural changes that are essential to the
subsequent chemical steps.
SUPPORTING MATERIALS
Brief discussions on the BNM results compared to Gaussian
elastic network models and x-ray B-factors are included; the
effect of using a minimized structure instead of the x-ray
structure in normal mode analysis is also discussed. The
hinge residues in the normal modes with large involvement
coefﬁcients are shown in the structures to illustrate their
positions. Finally, a ﬁgure that illustrates the motions of
several higher frequency modes with large involvement
coefﬁcients in E2-Ca21-ATPase is included. MPEG movies
that illustrate the motions of the various modes discussed in
the text can be obtained from the author (cui@chem.wisc.
edu) by request.
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